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Abstract: If new physics would locate above a TeV scale, as hinted from the LHC
results so far, the ultra high energy (UHE) cosmic ray would play nonreplaceable roles in
uncovering the new physics beyond the standard model. In particular, if the new physics
interactions would induce high multiplicities at the primary collision of UHE cosmic ray
and nucleons in the atmosphere, as in the evident cases e.g., the electroweak sphaleron and
microscopic black hole, it is important to understand the detailed features of such events
so that we are able to distinguish them from the conventional perturbative QCD events. In
this paper, we show the characteristic features of such new physics events and discuss the
search strategies and perspectives at existing and future coming detector arrays including
Telescope-Array (TA) and Pierre-Auger experiment.
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1 Introduction
A number of recent experimental efforts to observe Ultra-High-Energy (UHE) particles
have extended the domain of the high-energy frontier covering far beyond the reach of the
collider experiments, which currently locates at a TeV scale. Over the past decade, many
O(10) EeV cosmic ray events and a few O(1) PeV neutrinos events have been observed by
the Pierre-Auger, TA ground air-shower detector arrays [1, 2] and the IceCube detector [3].
Still they are not fully established, various astrophysical origins of UHE cosmic rays have
been suggested. If we name some of the primary candidates, they include young magnetized
neutron stars [4], active galactic nuclei (AGNs) [5] and gamma-ray bursts (GRBs) [6, 7].
There are also particle physics origins such as dark matter and topological defects [8], but
a big room for future clarification and theoretical improvement still exist. In particular,
the fluxes over a large energy range, the composition and the production mechanisms of
UHE cosmic rays are still to be clarified [9–12].
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The scattering process of UHE cosmic ray with known targets would provide a valuable
testing ground for particle physics models at high energies beyond a TeV scale because
the energy of a cosmic ray around O(1) PeV−O(10) EeV corresponds to the center-of-
mass (CM) frame collision energy
√
s = O(1 − 100) TeV with the target nucleons in
the atmosphere of the earth. The UHE cosmic neutrinos, for instance, produced by the
resonant scattering of UHE cosmic ray protons and the cosmic microwave background
(CMB) photons (Greisen-Zatsepin-Kuzmin mechanism [13, 14]), are particularly important
since the flux and energy spectrum are rather precisely known. With the known features
of UHE neutrinos, the precise measurement of UHE neutrino-induced air shower events
would provide valuable handle to distinguish new physics interactions from the standard
model interactions.
In this paper we focus on new physics interactions which would cause sizable enhance-
ment in multiplicity of primary daughters from scattering of UHE cosmic ray and nucleons
in the air. As it will be evident below, this particular type of new physics interactions,
can be probed by experiments with air-shower array such as Telescope Array (TA) and
Pierre-Auger experiments. In particular, we would focus on the high-multiplicity processes
by electroweak sphaleron [15–24], microscopic blackholes (see e.g. [25] for a recent review)
in detail as concrete examples. They are typically semi-classical and non-perturbative and
have rapidly increasing cross sections with larger collision energies above some model-
specific energy thresholds. The air-shower observatories and the neutrino telescopes are
ideal places to observe such high-multiplicity processes [26]. Our main goal is to show
the characteristic features of high-multiplicity new physics events and discuss the search
strategies with existing and future coming experiments.
The paper is organized as follows: in Sec. 2, we discuss the parton level cross sections of
electroweak sphaleron and microscopic black hole events and ν−N cross section. In Sec. 3,
we discuss the event rates of new physics considering the GZK neutrino flux and cross
section of new physics interactions. In Sec. 4, we show some noticeable phenomenological
features for each case (sphaleron vs microscopic black hole) and discuss potential detection
of the new physics effects. The recently reported ‘muon excess’ events are also discussed.
Finally, we conclude in Sec. 5. The appendix includes all details of the calculations used in
the paper.
2 Production cross sections for sphaleron and black hole
In this section, we discuss phenomenological details of the air-showers induced by poten-
tially interesting sources: electroweak sphaleron and microscopic black hole. The air-showers
typically have large multiplicity in signals. The showers are boosted so that the final-state
particles are highly collinear and confined within a small separation angle δθ ∼ O(1/γboost),
where γboost = 1/
√
1− v2 is the relativistic gamma factor of the produced particles with
velocity v.
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2.1 Cross section for electroweak sphaleron (parton level)
The electroweak sphaleron is predicted within the standard model as a classical saddle point
solution to the classical field equation of the electroweak theory [15, 16]. It is a highly
unstable configuration thus is not directly observable. However its decay products, the
standard model gauge bosons and fermions, leave the observable effects and show (indirect)
evidences of the presence e.g. in the early universe. It may induce directly measurable
signals in high energy collisions of UHE cosmic ray as we will closely study in this paper.
It has been importantly regarded to take the sphaleron effects in the early universe
because sphaleron is involved in baryon number generation. The sphaleron induces Chern-
Simon (CS) number changing (∆nCS = ±n) and baryon number(B) and lepton number(L)
violating (∆(B + L) 6= 0, ∆(B − L) = 0) processes. The generated baryon and lepton
numbers are ∆B = ∆L = ±3n, where n ∈ Z is an integer number. As the sphaleron process
is effective in unbroken phase of electroweak symmetry, the baryon number, if generated
before electroweak symmetry breaking, would be ‘wiped out’ by sphaleron processes [17, 18].
On the other hand, the generated lepton number would be ‘converted’ into baryon numbers
via sphaleron thus is important in baryogenesis from the lepton number generation [18, 20].
Beside the potential importance in baryogenesis, even though the sphaleron is ex-
tremely important and robust within the standard model, it has never been experimentally
tested so far. It is mainly due to lack of a controlled experiment of high energy beyond
the sphaleron threshold Esph ≈ 10 TeV. Conventionally it is believed that the production
cross section of a sphaleron in particle collision is exponentially suppressed even when the
collision energy is beyond the threshold [20], σˆij→Sphaleron ∝ e−E/Esph . The exponential sup-
pression here is understandable taken that the process is a ‘few to many’ process. However,
a new argument has been recently proposed that the cross section is not exponentially
suppressed but relatively large [27, 28] even though the claim is still under debate (see
e.g., [24, 29]). The argument comes from the observation that the sphaleron process would
not be regarded as a single process but a collection of all possible processes over periodic
vacuua and once the energy is higher than the threshold the process is not suppressed
anymore since the multiple contributions overcome the exponential factor [23, 24]. Taking
the newly suggested argument, the authors of Refs. [27, 28] suggested a convenient form of
the sphaleron-induced cross section at parton level as
σˆij→EWSph(ECM) ' p
m2W
θ(ECM/Esph), (2.1)
where θ(x) is the Heaviside step function and an unknown parameter p ∼< O(1) is intro-
duced, which encapsulates the unknown theoretical details. We take this cross section as a
benchmark expression for a new physics of our interest.
2.2 Cross section for microscopic black holes (parton level)
A black hole would explosively decay into mutliple number of photons (and also other
particles if kinematically allowed) through Hawking radiation [30, 31]. In particular, a black
hole forms with a relatively low energy,
√
s ∼> 1 TeV, in low-energy gravity scenarios [32, 33],
such that the collision of UHE cosmic ray with a particle in atmosphere is a potential source
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of a high-multiplicity event. The precise calculation on the Hawking radiation in low-scale
gravity models is available [34–37] (also see [38–41]). For a recent review on this topic, see
[25, 42].
When two particles collide with enough energy,
√
s ∼> M∗, gravity becomes strong and
eventually forms a black hole [43]. Here M∗ stands for the fundamental scale of gravity
where the gravity becomes strong. The low energy gravity scenarios include extra dimen-
sions and the gravity scale is essentially same as the higher dimensional (reduced) Planck
scale, M∗ 'MD, where MD ∼ TeV is a reduced Planck mass in D-dimensional gravity. The
cross section of black hole formation can be estimated taking the Hoop conjecture [44, 45]:
the impact parameter should be well contained in the ring of the Schwarzschild radius,
b ∼< rSch [32, 33, 46] and that has been numerically verified [47, 48].
As long as the energy conditions are satisfied, a black hole forms by any species of
particles as the gravity is flavor blind. The parton level production cross section of (i+j →
black hole +X) is approximately given as
σˆij→BH(ECM) ≈ pi (GDECM)
2
D−3 , (2.2)
where GD = 1/M
D−2
D is the gravitational constant in D = 4 + n-dimensions with n-
extra compact dimensions [32, 33, 46, 47]. The Schwarzschild radius is rapidly growing as
rSch ≈ (GDE)1/D−3 so that the resultant cross section grows too. Assuming MD ∼ TeV
in low energy gravity scenarios, the cross section can be sizable as σˆ ∼> 1/TeV2 when
E ∼> TeV.
2.3 ν −N cross section
In this section, we would consider the collision of UHE neutrino with nucleon in the at-
mosphere. Taking the parton distribution functions (PDF), fq(x, Qˆ
2), for a quark, q, in
nucleon, N , the total cross sections for electroweak sphaleron and microscopic blackhole
are respectively are obtained after the PDF convolution for nucleon:
σνNEWSph,BH(Elab) =
∫ 1
xmin
dx fq(x, 2xmNElab) σˆ
νq
EWSph,BH(sˆ = 2xmNElab), (2.3)
where the parton level cross sections are given in Eq. 2.1 and Eq. 2.2, respectively for
sphaleron and black hole. The input parameters are mN (the mass of Nucleon), Elab (the
collision energy in lab frame) and sˆ (the collision energy at the parton level). The minimum
energy for making black hole (sphaleron) is controlled by xmin = Min[sˆ/(2mNElab)]. It is
noted that if we set the unknown parameter of the sphaleron cross section p ∼ O(1), the
values of cross sections for sphaleron and black hole are numerically close to each other
with MD ∼ O(1) TeV. However, black hole production overtakes the sphaleron production
eventually when the collision energy grows further out to a higher energy regime. However,
the luminosity of UHE cosmic ray itself would reduce its size at a high energy domain
beyond TeV, the total event rates would stay similar for sphaleron and black hole.
In Fig. 1, we show the relative sizes of the standard model NC/CC events [49] and the
expected events from EW sphaleron and Black hole with various parameter choices. We
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Figure 1: Neutrino-induced cross sections with nucleon or electron. The CC/NC
neutrino-nucleon deep-inelastic scattering (DIS) (orange and brown), Glashow resonance
(green), electroweak sphaleron with ESph = 8− 10 TeV (purple band), microscopic black-
holes with MD = 1 TeV (red band) and MD = 2 TeV (blue band) for the number of
compact dimensions, from n = 2 (bottom) to n = 6 (top). We fixed the ratio between the
minimum energy for black hole production and the gravity scale as xmin ≡Mmin/MD = 5
for all cases. The black dots with error bars are ν − N cross section obtained from the
6-years IceCube high-energy starting events (HESE) shower data set.
found that the sphaleron and black hole interactions will become more and more important
at higher energies as we expected: At low energies below 106−7 GeV the standard model
CC/NC neutrino-nucleon deep-inelastic scattering (DIS) dominates over other interactions
as depicted by orange and brown lines. In a narrow resonance region at the W -boson
threshold at Eν = m
2
W /2me ' 6.3 PeV, the W production process, ν¯ee− →W−, dominates
as depicted by the green, mountain shape line (Glashow resonance). Above O(100) PeV,
the new high multiplicity events, induced by electroweak sphaleron and black hole, become
important and eventually dominate over the standard model interactions. We depicted the
sphaleron events and black events with the parameters: ESph = 8 − 10 TeV for sphaleron
(purple band) and MD = 1 − 2 TeV with fixed xmin ≡ Mmin/MD = 5 for black hole.
We show MD = 1 TeV, Mmin = 5 TeV (red band) and MD = 2 TeV, Mmin = 10 TeV
(blue band) as our benchmark parameter choices. The bands for black hole are for various
choices of number of extra dimensions 2 ≤ n ≤ 6 from bottom (n = 2) to top (n = 6).
Finally the observational results for neutrino-nucleon cross section are depicted by black
dots with error bars, which are from the 6 years-long IceCube data. In particular, we take
the high energy starting events (HESE) [50, 51], whose starting points of cascade or track
are located inside the IceCube detector.
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3 Event rates
We first estimate the GZK neutrino flux using various recent observations then obtain the
rate of air-shower events induced by new physics effects.
3.1 The GZK neutrino flux
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Figure 2: [E2νΦν, GZK neutrino fluxes] Expected GZK neutrino fluxes and cur-
rent experimental bounds. Expected GZK neutrino fluxes from the diffuse gamma-
ray observation of Fermi-LAT [52] with the different crossover energies between Emin =
1017.5 − 1019 eV (red band) and the current experimental bounds from IceCube [9, 10]
(blue, dashed line) and Pierre Auger [12] (green, dashed line).
From the ground based air-shower detectors we would learn about the fluxes of UHE
cosmic ray protons and heavy nuclei. When the UHE cosmic ray protons (and heavy nuclei)
collide with CMB photons, ‘photopions’ (pi0, pi±) are copiously produced then high energy
neutrinos (GZK neutrinos) and high energy gamma-rays (GZK gamma-rays) are produced
from the decay of charged and neutral pions, respectively. Thus the measured flux of UHE
cosmic ray would provide an information about the the flux of GZK neutrino and also GZK
photon. On the other hand, the electromagnetic cascade processes such as pair-production
of electron and position, γ + γbkg. → e+ + e−, and inverse Compton scattering process,
e±+γbkg. → e±+γ, would provide the diffuse gamma-rays with a broad spectrum peaking
at a relatively low energy compared to GZK gammas. This diffuse gamma rays are subject
to get observed by cosmic gamma ray detectors such as Fermi-LAT. As the fluxes of diffuse
gamma rays and the GZK neutrino are correlated, we can estimate the flux of GZK neutrino
from the Gamma ray data even though the neutrino flux depends on the exact amount
and precise composition of UHE cosmic ray nuclei.
In Fig. 2, we show the UHE neutrino fluxes in the range of the energy, Esh ⊃ (108, 1010)
GeV [9, 10]. In particular, we show the upper bounds on the fluxes obtained from ‘direct
measurements’ from the IceCube (2008-2014) [10], Pierre Auger (2004-2013) [12]. We also
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show the flux obtained from ‘indirect measurement’ of Fermi-LAT gamma ray data [52]
with different minimum energies of extragalactic cosmic rays involved in the photopion
production.
3.2 The expected event rates from new physics
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Figure 3: [ dNshd lnEsh , EW Sphaleron and Black hole] Sphaleron (red solid line) and
blackhole-induced air-shower event spectrums (blue and green bands) with GZK neutrino
flux from Fermi-LAT. Blue and green bands indicate the number of compact dimensions
from n = 2 (bottom) to n = 6 (top) for each cases.
We are now ready to study the signals from new physics (i.e. sphalerons and black
holes) taking the GZK neutrino model in Ref. [10] as a guideline. We found that the
resultant expectation varies with O(10)% uncertainties depending on the GZK neutrino
models.
In Fig. 3, the expected event rates from EW sphaleron is shown by red solid curve and
from black holes are shown by blue and green lines for different choices of (MD,Mmin),
respectively. The experimental upper bounds of event spectrum from IceCube (2008-2014)
and Pierre Auger (2004-2013) and also from the future Pierre Auger North are also shown
for comparison. As it would be clear from the picture, Esh ' (1− 5)× 109 GeV regime for
sphaleron is pretty close to the bounds from IceCube (2008-2014) and also Pierre Auger
(2004-2013) but black hole is still far below expected upper bound. The future run of
Pierre Auger North will cover a larger parameter space especially for sphaleron events and
will start to touch upon the black hole regime. Unfortunately, however, we will still need
a significant upgrade of experiments or new experiments beyond the Pierre Auger North
observation.
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4 Features of New Physics events
In this section, we describe some evident features of new physics events based on symmetry
principles and the quantum nature of Hawking radiation, which eventually would provide
useful guidelines to single out the new physics events from the background events.
4.1 Signals from Sphaleron: (B − L) symmetry
The symmetry principles would provide important ways to single out the signal events
from the background events. For sphaleron, thanks to the symmetries of baryon number
and lepton number, ∆(B − L) = 0 and ∆(B + L) = 3n with an integer number n, the
particle contents of the sphaleron process in the final state are almost uniquely determined.
For instance, νe−N collision would generate (10 fermions)+(n bosons) particles satisfying
∆B = ∆L = −3. The number of bosons (n bosons) is the sum of the number of gauge
bosons (nW + nZ) and the number of Higgs bosons (nH).
More precisely, if up-type quark is in the initial nucleon N , the final state is read:
N(u) + νe → L+Q+ nWW + nZZ + nHH (4.1)
where L (Q) stands for the primary leptons (quarks), respectively. For example, L = µ++ν¯τ
and Q = t¯ + 2b¯ + 2c¯ + s¯ + u¯ + d¯ is one of the possible minimal choices satisfying L = 1
to L = −2 and B = 1/3 to B = −8/3, respectively. In general, there are 2 antileptons
(L = −2) and 8 antiquarks (B = −8/3) in a final state with possible addition of electroweak
bosons. The secondary leptons from the decay of primary (heavy) quarks and gauge bosons
are less energetic compared to the primary leptons so that they are distinguishable.
Taking all the properties discussed above, we summarize the rules for the signal con-
figuration:
• total SU(2)L isospin is conserved,
• SU(3) color is conserved and total color is singlet if initial and final states are con-
sidered all together,
• for each families, ∆Bi = ∆Lj = ∆NCS (i, j = 1, 2, 3)
• total U(1)EM and B − L charge are conserved.
Typically, the final state of the sphaleron-induced process consists of O(10) hadronic
jets and a few additional leptons in high energy domain and each particle carries energy
about E ≈ M/nprimary, where M is the new physics scale and nprimary is the number
of primary decay products. The high multiplicity of hadronic components leads to lower
individual pion’s energy Epi ≈ ECR/(Npi±+Npi0) thus the amount of energy loss is relatively
smaller before reaching the critical energy, Ecrit = (1− 10) GeV [53].
Below the critical energy, the charged pion’s decay length, γcτpi± , becomes shorter
compared to the interaction depth λpi ' 120 g cm−2 of the atmosphere, so that the charged
pions would decay mainly via pi+ → µ+νµ before they interact with nuclei in air molecules.
To some extent, the high multiplicity processes of new physics are similar to the processes
– 8 –
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Figure 4: Charged particle multiplicity NCharged (' N (0)pi± ) after the primary hard interac-
tions for proton-nitrogen collision with QCD interactions [67–69], proton-proton collision
with EW sphaleron and microscopic black holes productions.
due to heavy nuclei in the sense of superposition model [54]. The extensive air shower from
a heavy nuclei of the atomic mass ACR with primary energy ECR can be considered as
a parallel copy of ACR proton air-showers, each of the proton carries the primary energy
about ECR/ACR. It is important to note that the number of muons included in the air
shower at the observation level hobs scales as [53]
Nµ ∝ (ACR)1−β (4.2)
where β = ln
Npi±
3
2
Npi±
= 0.85 and (ACR)
1−β ' 1.8 for the iron nuclei, i.e. ACR = 56. In Fig. 4
we show the number of charged particles (charged particle multiplicity, NCharged ' N (0)pi± )
from the different origins. The depicted are charged particle multiplicities from proton-
nitrogen collision with QCD interactions [67–69], EW sphaleron and microscopic black
holes productions. It is interesting to note that the new physics induced air-showers have
larger NCharged compared to the QCD-induced primary interactions. We used hadronic
interaction models, QGSJET-II and SYBILL for calculation.1
1In this work, we make sphaleron or black hole production events with pp or pν collisions, not p-14N
collisions. In the case of proton-nitrogen collisions, the multiplicity can be more enhanced.
As a summary, the main features of air-showers from the different origins are collectively shown in Fig. 5:
the schematic picture of each air-shower event from different primary interaction and cosmic ray particles.
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4.2 New Physics air-shower features at ground arrays
In addition to the high multiplicity of energetic hadronic components (nj ∼> 10) with
associated leptons, we also notice distinguishable features of the new physics events by
performing realistic simulation of the air-shower events. The simulation is carried out aim-
ing to see the new physics effects in the energy range 1015 eV − 1020 eV or collision energy
of
√
s = 10−300 TeV). As a benchmark, we set ESph = 9.0 TeV for electroweak sphaleron-
induced events. In particular, we consider minimal signals without additional W -boson
attached. For the events from microscopic blackholes, we set MD = 1 − 2 TeV and the
Mmin = 5MD, which is complimentary to the LHC searches [55, 56]. Several MC tools are
used for generating the extensive air-shower events: BlackMax [57] for the parton level black
hole production and PYTHIA8 [58] are used for primary parton shower and hadronization.
Finally Corsika [59] is used for extensive air-shower cascade where GHEISGA and QGSJET-II
[60] are attached for hadronic interactions in air-shower cascade simulations. To simulate
the development of the highly inclined deep air-shower events, we consider the height of
the injection point of air-shower hinj = 5.0 km and the zenith angle θzenith = 60
◦ which is
the angle between the injection direction and vertical direction from the ground. A partic-
ularly useful quantity is the atmospheric interaction depth, Xaid, which is defined by the
integrated density of atmosphere along the path of air-shower as
Xaid(h) ≡
∫ h
hinj
dh′ ρatm(h′), (4.3)
where ρatm(h) is the density of the atmosphere at height h, and hinj is the height of the
starting point (or injection point) of the air-shower induced by the collision of the UHE
cosmic ray particle and the nucleon in the atmosphere.
We mainly focus on the observables listed below.
• (Xaidmax) (Fig. 6): The maximum of the interaction depth, Xaidmax, is highly sensitive to
the types of the relevant interactions. Xaidmax is observable at 24 fluorescence detector
(FD) telescopes in the Auger observatories by measuring fluorescence light emitted
from excited atmospheric (nitrogen) molecules in the range of 300− 430 nm [63].
• (Nobsem , Nobsmu , Nobshad) (Fig. 7): The total number of electromagnetic, muonic and
hadronic components at the observation depth at the height of observation (hobs).
For Auger, e.g., hobs = 1.425 km. The numbers, N
obs
i=em,mu,had, are observed by the
array of 1600 water-Cherenkov surface detectors (SD), covering the area of 3000 km2
in the Auger observatory [64].
Indeed, the longitudinal development of multiplicity of the particles in the air-shower
would depend on the new physics interactions. The typical air-shower events induced by
the standard QCD interactions would have a relatively steep distribution but the new
physics interactions with a smaller cross section, σNP  σQCD, would induce much broader
distribution in Xaid0 as the probability distribution of interaction point is given as
P (Xaid0 ) ∝ exp
(
−σintNAA−1atmXaid0
)
, (4.4)
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(a) Sphaleron-induced air showers
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(b) Black hole-induced air showers
Figure 6: [The Monte Carlo simulation of expectations of Xaidmax for proton QCD
air-shower (orange), iron QCD air-shower (purple), EW sphaleron (left, red
dots) and black hole (right, blue dots) in ECR = 10
8 − 1011 GeV.] The Auger
9-years result of shower events [61, 62] (black) are included for comparison. All error bars
mean RMS fluctuations and widths of shaded regions are the uncertainty from the choice
of hadronic interaction models for QCD.
where σint is the cross section of primary interaction and Aatm = 14 is the average atomic
mass of the atmosphere.
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Figure 7: The total numbers of electromagnetic (j = em), muonic (j = mu) and
hadronic (j = had) components induced by Sphaleron (ESph = 9 TeV, left) and
black hole (MD = 1 TeV, Mmin = 5 TeV) at the Pierre Auger observatory at
hobs = 1.425 km above sea level.
In Fig. 6, we depict the Monte Carlo simulation result of Xaidmax for proton QCD air-
shower (orange line), iron QCD air-shower (purple line), EW sphaleron (left, red dots with
error bars) and black hole (right, blue dots with error bars) in ECR = 10
8 − 1011 GeV.
We also show the Auger 9-years result from [61, 62] in black dots. All error bars are RMS
fluctuations. The widths of shaded regions are from the systematic uncertainties mainly
from the different choices of hadronic interaction models. We can easily notice that the
sphaleron and black hole induced air-showers have smaller Xaidmax values compared to the
QCD air-showers with primary protons and similar to the QCD air-showers with primary
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iron nuclei. Our results are consistent with the earlier results of simulation results for
sphaleron [65] and blackhole [66]. On the other hand, the new physics induced air-showers
by sphaleron and blackhole have more broad distributions in their injection positions hinit.
(See Appendix. B for more details).
In Fig. 7, we show the total numbers of electromagnetic (j = em), muonic (j = mu)
and hadronic (j = had) components induced by sphaleron (ESph = 9 TeV, left) and black
hole (MD = 1 TeV, Mmin = 5MD) at the Pierre Auger observatory at hobs = 1.425
km above sea level. These informations would serve as guide lines for realistic detection
strategies.
4.3 The muon excess in the UHECR observation
Finally, in this section, we would address the anomalous result reported by the Pierre
Auger collaboration with their 9-years data [62, 70] and see the potential account from
the new physics effects. In the 9-years (2004-2013) Pierre Auger data set contains many
UHE cosmic ray air-shower events, including 29,722 ‘highly inclined events’ with the event
selection criteria:
• 62◦ < θzenith < 80◦ with θavg.zenith = 67◦,
• Eµ± > 0.3 GeV, which is the Cherenkov threshold for muons in water,
• ECR ≥ 5× 1018 eV corresponding to
√
s ≥ 100 TeV in the center-of-mass frame.
Among these 29,722 events, there are 174 events with the ‘muon excess’. A ‘muon excess
event’ has more muons than the expected number of muons. Importantly, the muon number
is detectable via SD/FD hybrid detection [62, 70]: Specifically, Rµ = Nµ/Nµ,19 parameter
is used to define the ‘muon excess’ event: the total number of muons in each event divided
by the reference value of the muon number. We take the reference value Nµ,19 = 2.68× 107
at θzenith = 67
◦ from Ref. [62], which is obtained form the MC simulation at ECR = 1019
eV. We take the muon excess event seriously since the similar muon excess events are
found in TA 7-years (2008-2015) data set, too [71, 72]. The muon excess events mainly
appear in highly inclined and high energies air-showers [73]. To account the muon excess
events, several approaches have been proposed even though no explanation is completely
established: the revision of hadronic interaction model at high energy collision in
√
s =
110− 170 TeV [74] as well as new physics contributions [75, 76].
We have checked if the new physics interactions due to sphaleron or black hole would
improve the situation. The results are shown in Fig. 8: the new physics interactions indeed
provide some enhancement compared with QCD events (proton, iron with different mod-
elings) at high energies, E > 109.5 GeV. However, when the muon number is averaged over
the energy ranges, Ravg.µ (ECR), the new physics interactions do not provide any significant
enhancement except the very deep injection from hinj ∼< 5.0 km, which is not very likely
for the new physics, which we are considering in this paper. In conclusion, the new physics
interactions -by sphaleron and black hole- do not seem to explain the muon excess.
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Figure 8: The muon excess in highly-inclined air-showers of 9-years Auger data [62] and
the expected muon numbers for sphaleron-induced air-showers for varying initial injection
height hinj (= 5, 7, 10 km) of extensive air showers.
5 Conclusion
With the possibilities of new physics above O(10) TeV for CM energy, we studied generic
search strategies using the ultra-high energy cosmic rays and their detection at air-shower
detectors. Comparing with the conventional QCD events, we found that the new physics
events would have larger multiplicities thus have characteristic features in showering pro-
cesses: more spread injection points in XaidMax, larger NCharge at higher energies, and also
distinguishable numbers of electromagnetic, muonic and hadronic components. The fea-
tures are highlighted in schematic figure in Fig. 5. Finally, we also have studied potential
implication of new physics interactions to the ‘muon excess’ events reported by Pierre Auger
and TA data but the types of new physics interactions we have considered in this paper
would not really explain the excesses. With the improved determination of nuclei compo-
sitions [77] and the origins of ultra-high-energy cosmic rays [78] in the future, the cosmic
ray air-shower events from the high-multiplicity process can provide even more handles
to find the new physics events based on our analysis. The future air-shower array experi-
ments [79, 80] will reveal the detailed nature of these kinds of new physics possibilities soon.
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A Event rate in the air-shower detector array
A.1 CC/NC neutrino-induced deep inclined air-shower event
The CC/NC neutrino-induced, nearly horizontal deep air-shower event rates on the Pierre
Auger, for each shower origins, are [49]
• NC shower for all 3 flavors νl=e,µ,τ and ν¯l=e,µ,τ . (νlq → νlq∗)
dNNCν
dt
= ρAir NA
∑
l=e,µ,τ
∫ ∞
Emin
dEsh
dφνl(Eν)
dEν
∫ ymax
ymin
dy
dσNCνl (Eν , y)
dy
A(Esh) (A.1)
where Esh = yEν = Eν − E′ν is the total hadronic shower energy.
• CC shower for νe and ν¯e. (νeq → eq′)
dNCCνe
dt
= ρAir NA
∫ ∞
Emin
dEsh
dφνe(Eν)
dEν
∫ 1
0
dy
dσCCνe (Eν , y)
dy
Θ(Emax − Eν) A(Esh)
(A.2)
where yEν = Eν −Ee and Ee is the hadronic shower and EM shower energy, respec-
tively. The total shower energy is Esh = Eν .
• CC shower for ντ and ν¯τ with hadronically decaying τ (ντq → τq′, and τ → ντq′′q¯′′′)
dNCC-hadντ
dt
= ρAir NA
∫ ∞
Emin
dEsh
dφντ (Eν)
dEν
∫ 1
0
dy
dσCCντ (Eν , y)
dy
∫ 1
0
dz
dn(τ → had)
dz
×Θ
(
Eν(y + (1− y)(1− z))− Emin
)
×Θ
(
Emax − Eν(y + (1− y)(1− z))
)
×Br(τ → hadrons)×A(Esh) (A.3)
where yEν = Eν − Eτ is the deposited energy, and z = E′ν/Eτ is the fraction of
invisible (neutrino) energy from tau decays and total shower energy is the sum of
hadronic energy of the broken nucleon yEν and hadronic energy of from tau decays
(1− y)(1− z)Eν .
• CC shower for ντ and ν¯τ with electronically decaying τ (ντq → τq′, and τ → ντ ν¯ee)
dNCC-emντ
dt
= ρAir NA
∫ ∞
Emin
dEsh
dφντ (Eν)
dEν
∫ 1
0
dy
dσCCντ (Eν , y)
dy
∫ 1
0
dz
dn(τ → ντ ν¯ee)
dz
×Θ
(
Eν(y + (1− y)z)− Emin
)
×Θ
(
Emax − Eν(y + (1− y)z)
)
×Br(τ → ντ ν¯ee)×A(Esh) (A.4)
where yEν = Eν − Eτ is the deposited energy again, and z = Ee/Eτ is the fraction
of EM shower energy from tau decays and total shower energy is the sum of hadronic
energy of broken nucleon yEν and tau EM shower energy (1− y)zEν .
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• CC shower for νµ and ν¯µ. (νµq → µq′)
dNCC-hadνµ
dt
= ρAir NA
∫ ∞
Emin
dEsh
dφνµ(Eν)
dEν
∫ ymax
ymin
dy
dσCCνµ (Eν , y)
dy
A(Esh) (A.5)
where Esh = yEν = Eν − Eµ is the total shower energy.
• CC shower for ντ and ν¯τ with muonically decaying τ (ντq → τq′, and τ → ντ ν¯µµ)
dNCC-hadντ
dt
= ρAir NA
∫ ∞
Emin
dEsh
dφντ (Eν)
dEν
Br(τ → ντ ν¯µµ)
∫ ymax
ymin
dy
dσCCντ (Eν , y)
dy
A(Esh)
(A.6)
where Esh = yEν = Eν − Eτ is the total shower energy, again.
For the detailed evaluation, we need several quantities defining the detector size, the
strength of each interactions, flux of neutrinos from various origins, such as
• A(Esh) is the energy-dependent effective array acceptance [84, 85] for all interactions
(same for all flavors νl=e,µ,τ ). Basically, the Pierre Auger detector array is sensitive
above O(100) PeV, in which GZK neutrinos are dominant.
• dσCC,NCνl /dy are the differential CC and NC neutrino (νl)-nucleon (N) cross section
in the SM [49], and the total cross sections are
σCCνl (Eν) =
2G2fMNEν
pi
∫ 1
0
dy
∫ 1
0
dx
( M2W
Q2 +M2W
)2∑
q
[
xfq(x,Q
2) + xfq¯(x,Q
2)(1− y)2
]
,
σNCνl (Eν) =
G2FMNEν
2pi
∫ 1
0
dy
∫ 1
0
dx
( M2Z
Q2 +M2Z
)2∑
q
[
xfq0(x,Q
2) + xfq¯0(x,Q
2)(1− y)2
]
.
(A.7)
where x is the parton fraction in the nucleon, and y is the fraction of deposited energy.
fq(x,Q
2) and fq¯(x,Q
2) are also defined in [49].
• The energy spectrums dn/dz in electronically [86] and hadronically [87] decaying τ
and the branching ratio in the τ decay.
• There are neutrinos due to the interaction between high-energy cosmic rays and Earth
atmosphere nucleus [88] and the neutrinos due to the astrophysical origin, such as
highly-accelerated hadrons as supernovae remnants, active galactic nuclei (AGN),
gamma-ray bursts (GRBs), and shocks in star formation regions of galaxies [89].
• Above O(100) PeV, the UHE neutrinos are produced by the interaction between UHE
Cosmic rays (mainly protons, and small fractions of other heavy nuclei) above O(109)
GeV and CMB photons [13, 14]. The dominant channels of the GZK mechanism are
p + γbkg. → pi+ + n, pi+ → µ+ + νµ and p + γbkg. → pi0 + p, pi0 → γ + γ, where
these generation of pions is also denoted as photo-pion production. Slightly above
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this threshold energy of photo-pion production process, the cross section for pion
production has a resonance peak with ∼ 500µb at the Λ+(1232) resonance [90]. These
UHE neutrinos from GZK mechanism are expected with the observation of UHE
Cosmic rays on the air-shower detector arrays [1, 2] and the observation of diffuse
photon in the gamma-ray telescope [52], although there is no direct observation of
GZK neutrino in the neutrino telescope yet [9, 10].
The UHE neutrinos can produce nearly horizontal and deep air-showers, which cor-
respond to X ∼ 13, 000 g/cm2 [11]. For typical flux values and CC/NC interactions, we
expect ∼ (0.9− 2.9) events/yr with typical choices of the acceptance values and GZK neu-
trino flux models, although no neutrino-induced event candidates have been found yet [84],
which provides the bound on GZK neutrino flux.
A.2 New physics air-shower event
The event rate in the ground air-shower detector array is given by
dN
dt
= NA ρair
∫ Emax
Eth
dEsh
∫ 1
0
dy
dφνl(Eν)
dEν
dσνlX(Eν , y)
dy
A(Esh) . (A.8)
where A(Esh) is the air-shower energy-dependent acceptance of the entire detector array.
We adopt the values in [84, 85] for Pierre Auger (South) detector array, and just scale it with
the geometrical area S for other detector array observatories, such as Pierre Auger (South)
(S = 3, 000 km2, southern hemisphere), and Auger North [79] (S = 20, 000 km2, proposed,
northern hemisphere), Telescope array (TA) (S = 700 km2, northern hemisphere) and its
extension (TA×4) [80] (S = 2800 km2, proposed, northern hemisphere).
B Mean-Free-Path weighted muon number
The mean-free-path averaged muon number, which is given by
Ravg.µ (ECR) =
∫ Xmax
0
dX P
(
X, σint(Eν)
)
Rµ(X, Eν) (B.1)
where
P (X,σint(Eν)) =
1
XMFP(σint(Eν))
exp
(
−X/XMFP(σint(Eν))
)
(B.2)
and XMFP(σint) = Aatm · N−1A · σ−1int (Eν) is the mean-free-depth. Aatm is the atomic mass
of the atmosphere. Because the cross sections are small enough for our parameter choices,
P (X,σint) is almost constant and air-showers can occur everywhere with almost uniform
distribution.
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